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Abstract: Plastic deformation and strain-induced martensite (SIM, α1) transformation in metastable
austenitic AISI 304 stainless steel were investigated through room temperature tensile tests at strain
rates ranging from 2 ˆ 10´6 to 2 ˆ 10´2/s. The amount of SIM was measured on the fractured tensile
specimens using a feritscope and magnetic force microscope. Elongation to fracture, tensile strength,
hardness, and the amount of SIM increased with decreasing the strain rate. The strain-rate dependence
of RT tensile properties was observed to be related to the amount of SIM. Specifically, SIM formed
during tensile tests was beneficial in increasing the elongation to fracture, hardness, and tensile
strength. Hydrogen suppressed the SIM formation, leading to hydrogen softening and localized
brittle fracture.
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1. Introduction

Metastable austenitic stainless steel belongs to transformation-induced plasticity (TRIP) steel,
which has high strength and good ductility owing to the formation of strain-induced martensite
(SIM, α1) [1–5]. This, however, leads to hydrogen embrittlement (HE), limiting the application of
austenitic stainless steel such as AISI 301, 304, and 316 in hydrogen-containing environments since
SIM acts as a diffusion path of hydrogen [6,7]. HE depends on many factors such as the composition,
temperature, residual stress, microstructure, and surface condition of steels. To explain the effect
of hydrogen on the mechanical properties of steel, mechanisms such as internal pressure [8–11],
surface energy [12], decohesion [13], hydrogen-enhanced plasticity [14], and hydrogen-enhanced
strain-induced vacancies [15–17] have been proposed. However, HE has not yet been fully clarified
due to the following uncertainties: firstly, why SIM increases the ductility of austenitic stainless steel,
and secondly, why hydrogen suppresses the SIM formation in H-charged austenitic stainless steel.
In this study, room-temperature (RT) tensile tests were conducted on bare and H-charged AISI 304 at
the strain rate of 2 ˆ 10´6/s–2 ˆ 10´2/s in order to clarify the first uncertainty. To clarify the second
uncertainty, SIM was measured in situ for bare and H-charged AISI 304 during RT tensile tests, and the
volume fraction and distribution of SIM were measured for AISI 304 deformed to the same strain.
The aim of this study is to correlate the amount of SIM with mechanical properties, and to correlate the
distribution of the SIM formed and the HE with the role of hydrogen in suppressing the SIM formation
in AISI 304.
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2. Materials and Methods

2.1. Materials and Hydrogen Charging

AISI 304 was solution-annealed at 1100 ˝C for 1 h and water quenched. Its chemical composition
is listed in Table 1. Its microstructure was examined by optical microscopy. After etching with 8:1:1 vol.
ratio of H2O:HF:HNO3 solution for 5 min, its grain size was determined using intercept measurement.
Hydrogen was charged through electrolytic charging at 80 ˝C with the current density of 500 A/m2

for 20 h in 1 N H2SO4 solution containing 0.25 g/L NaAsO2. The amount of hydrogen charged to the
AISI 304 was analyzed with a hydrogen analyzer for two different samples.

Table 1. Chemical composition of AISI 304 stainless steels (wt. %).

Fe Cr Ni Mn Si Cu Co Mo N C S P

Bal. 18.17 8.03 1.04 0.46 0.18 0.12 0.11 0.047 0.043 0.04 0.001

2.2. Determination of the Amount of Strain-Induced Martensite (SIM) and Tensile Testing Procedure

RT tensile tests were conducted at strain rates varying from 2 ˆ 10´6/s to 2 ˆ 10´2/s on bare
and H-charged AISI 304 immediately after hydrogen charging. The rod-shaped samples were 4 mm
in diameter with a gauge length of 25.4 mm. Tensile tests were performed twice to get the average
value. The amount of SIM was measured in situ for bare and H-charged samples during RT tensile
testing using a feritscope (Fisher MP30, Aberdeenshire, Scotland). The values measured by the
feritscope agreed well with those measured by the magnetic force microscope (MFM, Park systems,
Suwon, Korea), when considering the dependence of strain rate on the martensite concentration.
After calibrating the feritscope using the standard sample, the average amount of the formed SIM
was measured either ex situ within 1 mm of the fracture surface five times, or in situ at the center
of the gauge section during tensile testing. For the sample deformed to the same strain, the volume
fraction and distribution of SIM on the surface were measured using the MFM by applying the distinct
magnetic properties of nonmagnetic austenite (γ) and ferromagnetic α1 [17–19]. Images of MFM and
atomic force microscope (AFM, Park systems, Suwon, Korea) were obtained in air using a scanning
probe microscope (Nanoscope IIIa) in the tapping/lift mode with a lift height of 100 nm.

3. Results and Discussion

3.1. Hydrogen Diffusion in AISI 304

Figure 1 shows an optical microstructure of the H-charged sample. The mean grain size of
67 ˘ 5 µm was finer than other reported sizes (80–150 µm) [20,21]. Hydrogen charging did not change
the microstructure. The average amount of hydrogen immediately after H-charging was 51 ˘ 5 ppm,
which was smaller than the 80–110 ppm reported under similar charging conditions [22,23]. This was
due to the finer mean grain size, i.e., hydrogen discharging out of the surface increased with the
increasing density of the grain boundaries [24]. It is also worth noting that the mean grain size of a
few tens of microns enhanced the hydrogen diffusion along the grain boundaries by several orders of
magnitude [25].
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Hydrogen was generally confined to the surface during charging. The hydrogen diffusion
coefficient, D, was 4.0 ˆ 10´15 m2/s at the hydrogen-charging temperature of 80 ˝C [26].
The penetration depth of hydrogen, d, can be roughly expressed by d “

?
2Dt, where t is the

charging time (h). It was about 24 µm, implying that hydrogen was present only around the surface.
However, brittle facture occurred not only around the surface but also inside the sample where
hydrogen was free, as will be explained later.

3.2. Hydrogen Effect on Mechanical Property

The mechanical property strongly depended on the strain rate and hydrogen, as shown in Figure 2.
H-free AISI 304 displayed a negative strain rate sensitivity in that the increment of the strain rate
led to the decrement of the tensile strength, elongation to fracture, and hardness. Its yield stress,
however, decreased at the slowest strain rate of 2 ˆ 10´6/s. The hydrogen effect varied, depending on
the strain rate. The H-charging decreased the tensile strength, elongation to fracture, and hardness,
but increased the yield stress to a small extent except at the slowest strain rate.
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Figure 2. Mechanical properties of H-free and H-charged AISI 304 as a function of strain rate:
(a) yield stress; (b) tensile strength; (c) elongation to fracture; (d) Vickers microhardness.

Figure 3 shows the fracture surfaces of H-free and H-charged AISI 304 after RT tensile tests.
H-free samples displayed uniform ductile fracture with fine dimples at all strain rates (Figure 3a,b).
In contrast, H-charged samples changed the fracture mode from ductile fracture with localized shear
dimples at the strain rate of 2 ˆ 10´2/s (Figure 3c) to enhanced localized brittle fracture in a rectilinear
shape parallel to each other at the strain rates of 2 ˆ 10´4/s and 2 ˆ 10´6/s (Figure 3d). The localized
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brittle fracture became more pronounced with decreasing the strain rate. Especially in Figure 3d,
cracks developed around the boundary between the localized brittle fracture region and the ductile
fracture region with dimples. Clearly, hydrogen induced localized brittle fracture in the H-charged
AISI 304. Since SIM increased the elongation to fracture (Figure 2) and H-free samples displayed
a uniform ductile fracture with fine dimples irrespective of the strain rates (Figure 3a,b), the γ-α
transformation was proposed to suppress the formation of the localized brittle deformation. A similar
mechanism was proposed to explain the enhanced elongation to fracture of the TRIP steel [5]. Since SIM
delayed the formation of necking through the γ-α transformation during plastic deformation [3,5,27,28],
the localized brittle fracture might be controlled by the γ-α transformation, which increased ductility.Metals 2016, 6, 169  4 of 8 

 

 

Figure 3. Fracture surfaces of AISI 304 after tensile test: (a) H‐free (strain rate = 2 × 10−2/s); (b) H‐free 

(strain rate = 2 × 10−6/s); (c) H‐charged (strain rate = 2 × 10−2/s); (d) H‐charged (strain rate = 2 × 10−6/s). 

3.3. Hydrogen Effect on Formation of SIM 

Figure 4 shows the amount of SIM that formed on the fracture surface at different strain rates 

for H‐free and H‐charged AISI 304. The amount of SIM that formed on the surface increased in the 

H‐free sample, but decreased in the H‐charged sample, with decreasing the strain rate. The H‐free 

sample had a larger amount of SIM than the H‐charged sample at the same strain rate. The amount 

of  SIM was  the  smallest  in  the H‐charged  sample  at  the  slowest  strain  rate  of  2  ×  10−6/s.  This 

suggested that hydrogen suppressed the SIM formation during tensile testing, which became more 

pronounced with decreasing the strain rate. 

 

Figure 4. Amount of SIM as a  function of  the strain  rate  for H‐free and H‐charged AISI 304 after 

tensile tests. 

To confirm the above suggestion, SIM was measured in situ for H‐free and H‐charged samples 

at  the strain rate of 2 × 10−4/s using  the  feritscope. Figure 5  indicates  that  the amount of SIM was 

decided  by  the plastic deformation  and hydrogen. Hydrogen  charging decreased  the  amount  of 

SIM during the plastic deformation, displaying the largest decrement at the strain of 35%–45%. 

Figure 3. Fracture surfaces of AISI 304 after tensile test: (a) H-free (strain rate = 2 ˆ 10´2/s); (b) H-free
(strain rate = 2 ˆ 10´6/s); (c) H-charged (strain rate = 2 ˆ 10´2/s); (d) H-charged (strain rate = 2 ˆ 10´6/s).

3.3. Hydrogen Effect on Formation of SIM

Figure 4 shows the amount of SIM that formed on the fracture surface at different strain rates for
H-free and H-charged AISI 304. The amount of SIM that formed on the surface increased in the H-free
sample, but decreased in the H-charged sample, with decreasing the strain rate. The H-free sample
had a larger amount of SIM than the H-charged sample at the same strain rate. The amount of SIM
was the smallest in the H-charged sample at the slowest strain rate of 2 ˆ 10´6/s. This suggested that
hydrogen suppressed the SIM formation during tensile testing, which became more pronounced with
decreasing the strain rate.
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To confirm the above suggestion, SIM was measured in situ for H-free and H-charged samples
at the strain rate of 2 ˆ 10´4/s using the feritscope. Figure 5 indicates that the amount of SIM was
decided by the plastic deformation and hydrogen. Hydrogen charging decreased the amount of SIM
during the plastic deformation, displaying the largest decrement at the strain of 35%–45%.Metals 2016, 6, 169  5 of 8 
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Figure 5. Stress (solid and dotted lines) and the amount of SIM formed (enclosed and open circles) as a
function of strain for H-free and H-charged AISI 304. Strain rate = 2 ˆ 10´4/s.

In order to validate that hydrogen suppressed SIM formation at the same plastic strain, the volume
fraction and distribution of SIM in H-free and H-charged AISI 304 were examined before and after
tensile tests using MFM and the image analyzer, as shown in Figure 6. Dark and light phases
corresponded to martensite (α1) and austenite (γ), respectively, in the MFM images that were taken
at 2.5 mm apart from the fracture surface. They were more distinct in the image analyzer images.
The average amount of SIM was 1.5%, whereas SIM aligned along the tensile axis, tens to hundreds
of micrometers apart, before tensile testing (Figure 6a). It increased with increasing the strain,
regardless of the presence of hydrogen. In Figure 6b,c, SIM distributed non-uniformly in a ribbon
shape several hundred micrometers in width. At 45% plastic strain, the H-free sample had more
SIM than the H-charged one. Figures 5 and 6 suggested that hydrogen suppressed SIM formation
during tensile testing. This was plausible considering the ductility loss and the beneficial effects
of SIM on the mechanical property of the H-free samples. In addition, the localized brittle fracture
became more pronounced with decreasing the strain rate in the H-charged sample (Figure 3). This was
related to the decreased amount of SIM that formed during tensile deformation. As will be explained
below, the decrement of the microhardness owing to the hydrogen softening in the H-charged sample
provided further evidence for the suppression of SIM formation by hydrogen.

The relationship between the amount of SIM and the mechanical property is depicted in Figure 7.
The elongation to fracture, tensile strength, and microhardness of H-free and H-charged AISI 304
positively depended on the amount of SIM that formed during RT tensile testing. SIM beneficially
increased elongation to fracture, tensile strength, and hardness, with and without hydrogen. This was
also consistent with the TRIP effect, which increased elongation to fracture and tensile strength through
the deformation-induced martensite transformation [3–5]. Tensile properties of the H-free samples
depended on the strain rate, as shown in Figures 2 and 7. This was also related to the amount of
SIM formed during plastic deformation. However, the hardness of the H-free sample increased with
increasing the amount of SIM (Figure 2d). This implied that SIM was harder than austenite [27].
The cause of the dependence of the strain rate on the amount of SIM formed in austenitic stainless steel,
as shown in Figure 4, was still unresolved. The reason for the enhancement of elongation to fracture
by the hard SIM was also unclarified. In Figure 7, H-charged samples showed more sensitive linear
dependence than H-free samples, implying that the suppression of SIM formation by hydrogen had a
decisive effect on the mechanical property. The dependence of mechanical properties on the amount
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of SIM (Figure 7) and the suppression of SIM formation by hydrogen (Figures 5 and 6) indicated
that hydrogen decreased the amount of SIM formed during tensile testing, which led to the loss of
elongation to fracture and tensile strength. Hence, the hydrogen embrittlement and softening were
inevitable in the H-charged samples.

Metals 2016, 6, 169  5 of 8 

 

 

Figure 5. Stress (solid and dotted lines) and the amount of SIM formed (enclosed and open circles) as 

a function of strain for H‐free and H‐charged AISI 304. Strain rate = 2 × 10−4/s. 

In order  to validate  that hydrogen  suppressed SIM  formation at  the  same plastic  strain,  the 

volume fraction and distribution of SIM  in H‐free and H‐charged AISI 304 were examined before 

and after  tensile  tests using MFM and  the  image analyzer, as  shown  in Figure 6. Dark and  light 

phases  corresponded  to martensite  (α′)  and  austenite  (γ),  respectively,  in  the MFM  images  that 

were  taken  at  2.5 mm  apart  from  the  fracture  surface.  They were more  distinct  in  the  image 

analyzer images. The average amount of SIM was 1.5%, whereas SIM aligned along the tensile axis, 

tens  to  hundreds  of  micrometers  apart,  before  tensile  testing  (Figure  6a).  It  increased  with 

increasing  the  strain,  regardless  of  the  presence  of  hydrogen.  In  Figure  6b,c,  SIM  distributed 

non‐uniformly in a ribbon shape several hundred micrometers in width. At 45% plastic strain, the 

H‐free  sample had more SIM  than  the H‐charged one. Figures 5 and 6  suggested  that hydrogen 

suppressed SIM formation during tensile testing. This was plausible considering the ductility  loss 

and the beneficial effects of SIM on the mechanical property of the H‐free samples. In addition, the 

localized brittle fracture became more pronounced with decreasing the strain rate in the H‐charged 

sample  (Figure  3). This was  related  to  the decreased  amount  of  SIM  that  formed during  tensile 

deformation.  As  will  be  explained  below,  the  decrement  of  the  microhardness  owing  to  the 

hydrogen softening in the H‐charged sample provided further evidence for the suppression of SIM 

formation by hydrogen. 

 

Figure 6. Distribution of austenite and martensite in AISI 304: (a) before tensile test (strain = 0%); (b) 

H‐free (strain = 45%) at the strain rate of 2 × 10−4/s; (c) H‐charged (strain = 45%) at the strain rate of 2 

× 10−4/s. 

Figure 6. Distribution of austenite and martensite in AISI 304: (a) before tensile test (strain = 0%);
(b) H-free (strain = 45%) at the strain rate of 2 ˆ 10´4/s; (c) H-charged (strain = 45%) at the strain rate
of 2 ˆ 10´4/s.

Metals 2016, 6, 169  6 of 8 

 

The relationship between the amount of SIM and the mechanical property is depicted in Figure 

7. The elongation to fracture, tensile strength, and microhardness of H‐free and H‐charged AISI 304 

positively depended on the amount of SIM that formed during RT tensile testing. SIM beneficially 

increased elongation  to  fracture,  tensile strength, and hardness, with and without hydrogen. This 

was also consistent with the TRIP effect, which increased elongation to fracture and tensile strength 

through the deformation‐induced martensite transformation [3–5]. Tensile properties of the H‐free 

samples depended on  the  strain  rate,  as  shown  in Figures  2  and  7. This was  also  related  to  the 

amount of SIM  formed during plastic deformation. However,  the hardness of  the H‐free  sample 

increased with  increasing  the amount of SIM  (Figure 2d). This  implied  that SIM was harder  than 

austenite  [27]. The  cause  of  the dependence  of  the  strain  rate  on  the  amount  of  SIM  formed  in 

austenitic stainless steel, as shown in Figure 4, was still unresolved. The reason for the enhancement 

of  elongation  to  fracture  by  the  hard  SIM was  also  unclarified.  In  Figure  7, H‐charged  samples 

showed more  sensitive  linear dependence  than H‐free  samples,  implying  that  the  suppression of 

SIM formation by hydrogen had a decisive effect on the mechanical property. The dependence of 

mechanical properties on  the amount of SIM  (Figure 7) and  the suppression of SIM  formation by 

hydrogen (Figures 5 and 6)  indicated that hydrogen decreased the amount of SIM formed during 

tensile  testing, which  led  to  the  loss  of  elongation  to  fracture  and  tensile  strength. Hence,  the 

hydrogen embrittlement and softening were inevitable in the H‐charged samples. 

 

Figure  7. Linear dependence of mechanical properties on  the  amount SIM  formed  in H‐free  and 

H‐charged  AISI  304  during  tensile  testing:  (a)  elongation  to  fracture;  (b)  tensile  strength;  (c) 

microhardness. 

4. Conclusions 

Figure 7. Linear dependence of mechanical properties on the amount SIM formed in H-free
and H-charged AISI 304 during tensile testing: (a) elongation to fracture; (b) tensile strength;
(c) microhardness.



Metals 2016, 6, 169 7 of 8

4. Conclusions

The plastic deformation behavior and strain-induced martensite transformation were investigated
through tensile testing AISI 304 metastable austenitic stainless steel at a slow strain rate at room
temperature. The H-free AISI 304 showed a decreased yield stress and increased elongation to fracture
and tensile strength with decreasing the strain rate. The strain-rate dependence of the tensile properties
of H-free AISI 304 was closely related to the amount of SIM. In contrast, in H-charged samples,
hydrogen decreased the yield stress slightly, but tensile strength and elongation to fracture significantly
at all strain rates. However, the loss in tensile strength and elongation to fracture by hydrogen in
H-charged samples showed strong strain-rate dependence. Considering the beneficial role of SIM in the
tensile properties of H-free AISI 304, the ductility loss and hydrogen softening in the hydrogen-charged
samples were related to the suppressed SIM formation by hydrogen. This suppression by hydrogen
was considered as the main cause of hydrogen embrittlement and hydrogen softening in austenitic
stainless steels.
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